We studied the dielectric properties of organosilicon-containing helical cyclopolymer PbMA which consists of PMMA main chains and tetramethyldisiloxane side rings. PbMA formed films with excellent uniformity through spin-coating onto highly n-doped silicon (n-Si) wafers for constructing devices of dielectric measurements, on which the dielectric properties and I-V characteristics of PbMA were studied. PbMA has a much lower dielectric constant (lower than 2.6) in the frequency range of 10−10 5 Hz, and better thermal stability than PMMA does. I-V data showed that the metal/PbMA/n-Si devices have different conducting directions, depending on whether Au or Al deposited over PbMA layers.
I. INTRODUCTION
Insulating layers are an essential component which can realize reliable operation of field-effect transistors (FETs), flash memory and capacitors in modern electronic systems [1] . The future generation electronics requires materials to have good flexibility due to the need to work on soft substrates such as plastic, fabric even human skin, and therefore will need to function with newly emerging organic semiconductor materials [2−6] . Flexibility is also important for improvements on flatpanel displays, optical detectors, and sensor arrays [7] . However traditional insulating materials based on such as inorganic oxides and nitrides are too brittle to achieve good performance in flexible or organic electronics [8] .
On the other hand, with the continuous miniaturization of electronic devices, there is an urgent need to further decrease the dielectric constant (k) of insulating materials to reduce time delay and heat loss at high frequency [9−11] . Silicon dioxide has a dielectric constant of 3.9 which is the lowest value among traditional ceramic materials. Materials with a dielectric constant lower than 3 are called low-k materials and those with lower than 2.5 were usually considered as ultralow-k materials [12, 13] . To meet these challenging demands, polymeric insulating materials have attracted extensive attention on investigating the next-generation insulating materials.
Introducing pores is a very common method to reach dielectric constants below 2 [14−17] . Mesoporous films have dielectric constants between 1.45 and 2.1 [18] . Microporous zeolite thin films can have dielectric constant as low as 1.69 [19] . There is also a report using standard * Author to whom correspondence should be addressed. E-mail: lhewen@ustc.edu.cn equipment to nanopattern the silicon surface which allows various polymer to form porous film [20] . Another way is to reduce the polarizability by using the least polarizable groups such as C−H, C−C, C−Si, and C−O bonds [21] or increase the free volume by molecular design. Symmetrical fluoride polymers, such as parylene-VT4, have dielectric constants in the range of 2.05−2.35 [12, 22] . Polymers functionalized with siloxane compounds can also have low dielectric constants, for example, polymers containing 3D cage-like polysilsesquioxane (PSSQ) have dielectric constants ranging from 2.1 to 2.7 [23] , and polysiloxane with cyclotrisiloxane repeating units can reach the dielectric constant as low as 2.2 [8] . However, most siloxane compounds are lack of mechanical strength.
Polymethyl methacrylate (PMMA) is a very common polymer used in various areas because it has good mechanical properties and transparency. Recently, Sirringhaus et al. produced all-printed polymer thinfilm transistors by using a silane-compound cross-linked PMMA as the gate dielectric [24] , but silane compounds have high interaction parameters with PMMA, and would cause serious structural inhomogeneity. We recently synthesized a disiloxane-bridged cyclopolymer (PbMA) with PMMA main chains and siloxane side rings. PbMA is a helical structure proven in our previous work [25] , which combines siloxane and methyl methacrylate in each repeated unit to achieve molecular compatibility. On the other hand, the helical structure of PbMA may introduce more mini-voids or free volumes inside the films formed from it. In this work, we investigate the performance of PbMA as a polymer dielectric.
II. EXPERIMENTS

A. Materials and characterization
Ethanol (99%), acetone (99%), chlorobenzene (99%), chloroform(99%) were purchased from Sinopharm Chemical Reagent.
1,3-Bis(chloromethyl)-1,1,3,3-tetramethyldisiloxane(97%), sodium methacrylate (99%), methyl methacrylate (99%), tetrahydrofuran (THF) (99%), hydroquinone (99%), cyclohexanone (99%), and anisole (99%) were from Aladdin and used as received. 2,2 ′ -Azobis(2-methylpropionitrile) (AIBN) (98%) from Aladdin was recrystallized from methanol solutions twice before use. Highly n-doped single crystal silicon wafer (0.008−0.01 Ω·cm) and highly n-doped single crystal silicon wafer with 300 nm SiO 2 surface layer were purchased from Ninbo Siborich.
Weight-average molecular weight (M w ) and polymer polydispersity index (PDI) were obtained with an Agilent HP1100 high performance liquid gel permeation chromatography (GPC) with THF as the fluent and polystyrene as calibration standards.
1 H (300 MHz), 13 C (75 MHz), and 13 C DEPT-135 (distortionless enhancement by polarization transfer) nuclear magnetic resonance (NMR) measurements were recorded by using Bruker AVANCE 300 spectrometer. X-ray diffraction (XRD) patterns were recorded by on Rigaku smartlab with Cu Kα source, 0.02
• step length, and 5
• /min speed. Thermal gravimatric analysis (TGA) was carried out by using a STD Q600 Thermogravimetric Analyzer with heating rate of 10
• C/min and nitrogen flow of 100.0 mL/min. Spin-coating was made conducted with Laurell Model WS-400BZ-8NPP/LITE. Metal electrodes fabrication was made with a SD400M-multisource Vapor Deposition System. Capacitance (C p ) and dissipation factor (tgδ) were measured by using Hioki IM3533-01 LCR Meter. Current-voltage (I-V ) curves were recorded with a Keithley 4200-SCS semiconductor parameter analyzer. Thickness of the films were measured by Ambios Technology XP-100 Sylus Profilometer and Bruker Dimension Icon atomic force microscope (AFM).
B. Synthesis of PbMA
PbMA was synthesized according to the process described in our previous work using 1,3-bis(methacryl oxy-methyl)-1,1,3,3-tetramethyldisiloxane (bMA) as the monomer with a controlled free radical cyclopolymerization technique [25] . The obtained polymer has M w of 13.1 kDa and PDI of 1.17 (given by GPC).
C. Device fabrication
Prior to use, the wafers were cleaned by ultrasonication in ethanol, acetone and deionized (DI) water successively, where each process was performed at 25
• C for 5 min and was repeated for three times. After the cleaning, silicon wafers were dried under vacuum at 25
• C for 24 h. The wafer surfaces were automatically cleaned via ultraviolet and ozone pretreatment for 5 min in PSD Pro Series Digital UV Ozone System. The polymer films were spin-coated from a chlorobenzene solutions at the speed of 3000 r/min onto the silicon wafer which was preheated under vacuum at 100
• C for 30 min, then annealed at 70
• C for 20 min. After slowly cooled down to room temperature the wafers were preserved in a vacuum oven before electrodes fabrication. The top electrodes were fabricated by thermal evaporation with a base pressure of 2.3×10 −6 bar through shadow masks. Evaporation current for gold electrodes deposition was 72 A and for aluminum electrodes deposition was 60 A. The thickness of the metal electrodes was about 50 nm. As control, aluminum electrodes were directly deposited on the SiO 2 device with highly n-doped Si wafer covered with 300 nm SiO 2 layer (dielectric layer). After the fabrication, all the devices were preserved in a vacuum oven. All the procedures mentioned above were carried out inside a dust-free room.
III. RESULTS AND DISCUSSION
A. Chemical structure of PbMA
The chemical structure of PbMA was analyzed by NMR. The 1 H NMR analysis of PbMA shows that no obvious signal in the range of 5−6.5 ppm (red dash line in FIG. 1(A) ), so there is no obvious residual unsaturation. Peaks a, b, and d (3−4, 1.5−2.2, and 0.6−1.5 ppm) are assigned to methylene linked to Si atom, methyl of the main chain, and methyl linked to Si atom, respectively. Integral area ratio of peaks a, b to d are almost 1:1:3, and peak c to d is about 1.7:3 (1.5:3 theoretically) (FIG. 1(A) a−d) .
13 C DEPT-135 (distortionless enhancement by polarization transfer) spectrum can differentiate the carbon resonance signals of methyl, methylene, methine, and quaternary carbons (FIG. 1 (B), (C) ). 177.3 and 176.7 ppm can be easily assigned to carbonyl carbons (FIG. 1(B) f) . Peaks a and b (56−58 and 53.5−55 ppm), which have negative peaks in DEPT-135 spectrum, are secondary carbon peaks assigned to those methylene units linked to Si atom and methylene units of polymer backbone; peak c (44−46 ppm) has no signal in DEPT-135 spectrum, is quaternary carbons of polymer main chain; peaks d and e (18−20 and −2−0 ppm) belong to methyl groups of polymer backbone and methyl groups linked to Si atom respectively. All peaks a, c, d, e, and f of 13 C NMR spectrum for the same type of carbon atom in the same chemical environment have double peaks, which can be attributed to the constraint of cyclic structures (FIG. 1(B) a, c, d , e, and f). All these data verify the formation of the expected linear cyclopolymer with cyclic repeated units. 
FIG. 1 (A) 1 H NMR, (B)
13 C NMR, and (C) 13 C DEPT-135 spectra of PbMA.
B. Crystalline structure of PbMA film
To increase the signal-to-noise ratio, we processed the XRD data of PbMA film with smoothing method. The curve of PbMA film shows two obvious peaks at 2θ=5.54
• (d 1 =1.59 nm) and 2θ=9.56
.92 nm), and does not show the amorphous peak at 2θ=22
• which is often shown in amorphous polymers and PbMA powder samples (FIG. 2(a) ). This indicated relative ordered structures in the spin-coating films compared with the amorphous powder samples. The ordering arose from the packing of rigid helical structures of PbMA. These two peaks of PbMA film which has a relationship of d 1 = √ 3d 2 . According to the interplanar spacing equation of hexagonal crystal system, they might be assigned to the interplanar distances of (1-0-0) and (1-1-0) crystal planes respectively. The possible hexagonal close-packed structure of PbMA which was postulated is shown in FIG. 2(b) , each pillar represents a helical PbMA chain.
C. Surface morphology of PbMA film
To check the surface homogeneity, we carried out AFM analysis on the spin-coated films, the results are shown in FIG. 3 . AFM images of PbMA films obtained from chlorobenzene spin-coating are in excellent uniformity and conformity with the thickness from 20 nm to 76 nm and the RMS (root mean square) roughness are all lower than 0.8 nm. PbMA shows good film-forming property which is essential for application in polymerbased electronic devices [26, 27] . 
D. Thermal stability
Thermal stability is also very important for dielectric materials. We compared the TGA results of PbMA with PMMA, as shown in FIG. 4 . The used PMMA has a comparable molecular weight with PbMA for better comparison, and has M w of 11.7 kDa and PDI of 1.53 (given by GPC). According to the TGA result, PMMA started to decompose at 157
• C, while PbMA only started to decompose at 281
• C. The thermal stability of PbMA has been greatly improved (increase by 124
• C).
E. Dielectric constant and dissipation factor measurement of PbMA
The Al/PbMA/n-Si devices were used in dielectric constant and dissipation factor measurements. The thickness (d) of the spin-coated PbMA film is 280 nm, measured by a profilometer. ε r represents dielectric constant (or k is also used in the literature) calculated by the following equation.
where capacitance (C p ) and dissipation factor (tgδ) of the devices were directly given by the LCR meter in the frequency range from 10 Hz to 10 5 Hz. The round electrodes patterns have a diameter of 0.96 mm and an area (S) of 0.724 mm 2 . ε 0 is the dielectric constant of vacuum. The same device made on SiO 2 serves layers over n-Si is used as control. The SiO 2 layers show a dielectric constant (ε r ) of 3.95 at 10 Hz to 3.88 at 10
5 Hz with tgδ lower than 0.005 (FIG. 5) . The PbMA film (FIG. 5) has dielectric constant of 2.60 at 10 Hz to 2.46 at 10 5 Hz. The decrease in dielectric constant with increasing frequency is the expected behavior in most polymer materials [28] . And dissipation factor of PbMA film device is about 0.01. Lowering the k value can be accomplished by decrease in the molecular polarizability or increase of the free volume of the material. By introducing disiloxane cyclic repeated unit, the dielectric constant was greatly reduced to 2.46 at 10 5 Hz without using any porous agent. The side ring of each repeated unit prevents molecules from dense stacking, thus increases the free volume. The disiloxane-bridge increases the amount of low polarizability group such as Si−C and C−H and reduces the density of carbonyl groups which leads to the reduction of total molecular polarizability. With these combined feature, PbMA has a much lower dielectric constant than PMMA. (FIG. 6(a) ). In the device fabricated with gold electrodes the reverse breakdown voltage is about 1.3 MV/cm to 1.9 MV/cm (FIG. 6(b) ). The reverse breakdown voltage is almost the same for either Al or Au electrodes. However, the conducting directions are different between devices with gold and aluminum electrodes. The difference is attributed to the different interfaces formed between PbMA and Al or Au electrodes. This indicates that we can produce different diodes or electric contacts by simply changing metals deposited on PbMA films. 
IV. CONCLUSION
Disiloxane-bridged cyclopolymer PbMA has a dielectric constant lower than 2.6 with dissipation factor about 0.01 in the frequency range of 10−10 5 Hz while the thermal stability has been greatly improved. In simple electronic devices formed by spin-coating PbMA on highly n-doped silicon wafer, changing metal electrodes with aluminum or gold causes different diodes with inverse conducting directions. PbMA thin films can tune the interfacial properties between electrodes applied on them. For emerging next generation soft electronics needs, PbMA with good film-forming property and relatively low dielectric constants may have potential applications.
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